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Abstract 
Recently, several novel methods have been proposed to image short-circuit current density jsc based on diverse physical 
principles. This work compares these methods and points out physical limitations, advantages and drawbacks of each approach. 
One method based on photoluminescence (PL) imaging and two methods based on dark and illuminated lock-in thermography 
(DLIT / ILIT) are discussed. As a versatile reference technique for jsc mapping, spectrally-resolved light-beam induced current 
(SR-LBIC) is applied. Experimental results for crystalline silicon solar cells with varying substrate properties, rear-side 
passivation schemes and process-induced defects are presented. Investigated parameters are quantitative accuracy of local jsc, 
spatial resolution, measurement time, spectral excitation dependency and calibration. Furthermore, robustness towards locally 
increased series resistance Rs and injection-dependent recombination is discussed along with proneness to artefacts due to local 
shunts, spatially varying optics and photogeneration, and fitting algorithm artefacts. 
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1. Introduction 
It has been shown [1–3] that, especially in solar cells made from multicrystalline silicon (mc-Si), short-circuit 
current density jsc can vary significantly across the cell and even limit local conversion efficiency Kxy [3]. Since the 
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latest proposed methods calculating Kxy from extracted diode parameters [4,5] assume jsc to be constant, the spatially 
resolved determination of jsc on solar cell level is expected to be highly beneficial for local solar cell analysis.  
The objective of this work is to compare the physics of four different methods to extract maps of jsc in theory and 
by experiment. These four methods are based on (i) photoluminescence (PL) imaging [6], (ii) illuminated [7] (ILIT) 
and (iii) dark (DLIT) lock-in thermography [8], and (iv) spectrally-resolved light-beam induced current (SR-LBIC) 
[2], all published by authors of this work. 
2. Investigated methods and experimental setup 
In the following, the working principles and underlying physics of each method are discussed, along with 
important technical details on the experimental setups. 
2.1. Photoluminescence (PL) 
PL signal is proportional to the product of charge carrier densities: SPL ~ nxyÂpxy ~exp(Vxy), and, therefore, the 
splitting of the quasi-Fermi levels (ԑ voltage V) rather than current density j. By assuming the charge carriers in the 
bulk to dominate PL signal and considering the diffusion of minority charge carriers from the bulk to the space 
charge region (see blue arrows in Fig. 1a) by a variable “diffusion resistance”, an alternative one-diode model has 
been proposed [9]. This model assigns an implied voltage Vimp in the bulk to the splitting of the quasi-Fermi levels 
which is larger than the pn junction voltage Vpn, which is typically considered in PL evaluation. In contrast to 
previous approaches of imaging diode model parameters via PL [4,10–12], the diffusion-limited carriers, meaning 
the carriers that are not extracted under SC conditions due to non-ideal internal quantum efficiency, are not 
corrected for but explicitly considered. By introducing an additional diode model parameter jDL = jgen – jsc for the 
difference between photo-generated and extracted short-circuit current density, the diffusion-limited carriers are 
considered in defining a set of equations for diode model parameter extraction [6,13]. This set of equations is 
iteratively solved to extract parameter values, while assuming low-level injection to hold in all four acquired images. 
With the assumption of spatially homogeneous jgen, a spatially resolved image of jsc can be calculated [6,13]. The 
luminescence setup applied within this work features a laser diode with a wavelength of O = 790 nm for illumination 
and a one megapixel silicon CCD camera. 
2.2. Illuminated lock-in thermography (ILIT) 
Lock-in thermography (LIT) images can be scaled to local power dissipation [14]: SLIT ~ pxy ~ jxyÂVxy. The basic 
idea of the ILIT-based method [7] is to exploit the property of crystalline silicon solar cells that the illuminated 
current density under moderate reverse bias Vrev, i.e. well before junction breakdown sets in, does not differ 
significantly from jsc. This is done by recording a difference ILIT image between short-circuit (SC) and Vrev. Fig. 1 
illustrates selected thermal power contributions to the detected ILIT signal under SC and Vrev conditions. For both 
conditions, the constant contributions pth due to thermalization of generated carriers to the band edges as well as the 
current-driven (for Vpn  0 V) contributions prec (recombination), ppelt (Peltier heating/cooling at metal contacts), ps 
(series resistance, not shown in Fig. 1) exhibit the same values. By recording a difference image, they should cancel 
out. The only two contributions left are (i) thermalization across the pn junction ppn, which is proportional to current 
and voltage and (ii) parallel (shunt) resistance pp (not shown in Fig. 1). Hence, manipulating ppn is the main 
mechanism of the ILIT-based method to extract local jsc, while pp leads to artefacts in areas of local shunting. These 
artefacts can be corrected by recording an additional DLIT image. Hence, in contrast to the PL-based method, the 
ILIT-based method does not rely on a diode model. The LIT images used for this method are recorded with two 
commercially available LIT systems with a lock-in frequency of flock-in = 40 Hz. The cameras of both systems used 
in this work feature Stirling-cooled InSb FPA detectors with a resolution of 256×256 pixels (system 1) and 512×512 
pixels (system 2) and are sensitive in the mid-infrared wavelength range. During ILIT, the cells are illuminated with 
a laser diode at O = 940 nm (system 1) or LED arrays at selectively O = 470nm, 640 nm or 940 nm (system 2). 
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Throughout this work, system 1 has been applied except for the spatially- and spectrally-resolved considerations in 
sections 3.3 and 3.4, respectively. 
 
Fig. 1. Band diagram sketches of a Si solar cell under (a) short-circuit and (b) moderate reverse bias with indicated heating contributions. In (a) 
the difference between pn junction voltage Vpn and implied bulk voltage Vimp due to minority charge carrier diffusion is indicated. Band diagrams 
are adapted from Ref. [15]. 
2.3. Dark lock-in thermography (DLIT) 
The underlying idea of the DLIT-based jsc imaging method is to derive an empirical expression to correlate the 
dark saturation current density j01 of the one-diode model of a solar cell to jDL [8]. Based on PC1D simulations, the 
expression jDL = AÂj01 - BÂj012 – C is derived, with A, B, C being empirical fit parameters [8]. These fit parameters can 
be determined by simulation or a fit to a reference method [8] and an image of j01 can be derived from a series of 
DLIT images [16]. If these DLIT images are recorded at moderate currents, the assumption of a homogeneous 
lumped series resistance is generally sufficient. By assuming a laterally homogeneous photo-generated current 
density jgen, the local short-circuit current density can be derived via jsc,xy = jgen – jDL,xy. If the global short-circuit 
current density value jsc,tot rather than jgen is known (still assuming laterally homogeneous photo-generation), the two 
previous equations can be combined, eliminating fit parameter C. The empirical expression to correlate local jsc to j01 
is then given by jsc,xy = jsc,tot + 1/NÂ(AÂj01 - BÂj012) - AÂj01 + BÂj012 [8], with N being the number of pixels. Although 
being purely empirical, the appeal of the DLIT-based jsc imaging method is that – once properly calibrated to a 
certain cell type and material - it should improve the local efficiency analysis based on DLIT [5] without the need to 
record further images. The images presented within this work are recorded with flock-in = 10 Hz using system 2 
described in section 2.2. 
2.4. Light-beam induced current (LBIC) 
The most direct way of measuring local jsc is by LBIC [17–19]. For this purpose, a light-beam is focused to a spot 
and scanned over the short-circuited solar cell under test. The locally induced current can be scaled to external 
quantum efficiency EQE by an additional spectral response measurement. From this, a value of local jsc can be 
determined for a given photo-current density jph. Hence, the measured LBIC signal is directly proportional to local 
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jsc: SLBIC ~ jsc,xy. By using light sources with differing excitation wavelengths O, spectrally-resolved (SR-) LBIC 
maps can be generated [1,20]. By interpolation in-between the nodes of the local EQE at different wavelengths, 
maps of jsc for arbitrary spectra, e.g. AM1.5G, can be derived by spectral integration, taking into account the full 
range of O-dependent effects [2]. The LBIC maps presented within this work have been recorded with a 
commercially available measurement system featuring laser diodes with wavelengths of O = 405, 532, 670, 780, 940 
and 1060 nm that run simultaneously with Gaussian intensity profiles and FWHM of 150-200 m. The system does 
not feature a bias light and therefore operates under very low injection. 
3. Experimental results and discussion 
The investigated jsc imaging methods have been applied on four large-area (Acell = 15.6 × 15.6 cm2) p-type silicon 
solar cells with screen-printed metallisation, manufactured on industrial mass-production equipment at Fraunhofer 
ISE. Cell 1 constitutes a standard mc-Si aluminium back-surface-field (Al-BSF) cell and cell 2 a cast-mono Si 
passivated emitter and rear (PERC [21]) cell with thermal-oxide passivated front and rear sides [22] and laser-fired 
contacts [23]. Cells 3 and 4 are PERC cells from neighbouring mc-Si substrates – cell 3 constituting the same cell 
structure as cell 2 and cell 4 applying a plasma-enhanced chemical vapour deposited (PECVD) aluminium oxide 
[24] for rear-side passivation. Each passivation layer is capped by PECVD silicon oxide and / or silicon nitride. 
Characteristic j-V parameters for all cells, measured with an industrial flasher-based cell tester, are given in Tab. 1. 
Note that the Al-BSF cell has been processed in 2014 while the PERC cells date back to 2011 and 2012. 
Table 1. Characteristic j-V parameters of the investigated solar cells for illumination with the AM1.5G spectrum: efficiency K, open-circuit 
voltage Voc, short-circuit current density jsc, short-circuit current Isc, fill factor FF, pseudo fill factor pFF, parallel resistance Rp and series 
resistance Rs 
Cell K Voc jsc Isc FF pFF Rp Rs 
 (%) (mV) (mA/cm2) (A) (%) (%) (:cm2) (:cm2) 
1 – mc-Si, Al-BSF 17.0 621 34.9 8.50 78.1 81.1 14 × 103 0.7 
2 – cast-mono, PERC SiO2 19.2 646 38.7 9.42 76.7 82.2 59 × 103 1.0 
3 – mc-Si, PERC SiO2 17.1 627 35.0 8.52 77.7 81.5 16 × 103 0.8 
4 – mc-Si, PERC Al2O3 17.2 628 35.3 8.60 77.5 81.7 7 × 103 0.8 
 
3.1. Calibration and visual comparison 
Figs. 2 and 3 show the results for imaging the local jsc of cell 1 (Al-BSF) with the four introduced methods. The 
LBIC map recorded at O = 940 nm and shown in Fig. 2 is scaled to local jsc by adjusting its integral value to equal 
the measured current Isc during ILIT at SC. Since thermal diffusion significantly blurs LIT images, the LBIC map is 
blurred for better comparability. This is done by assuming the LBIC map to correlate to a power source image and 
by emulating thermal diffusion by the respective point spread function comparable to the recording conditions 
during the LIT measurements. The ILIT jsc image in Fig. 2 is scaled as described in section 2.2. One image is 
recorded pulsing the voltage between SC and Vrev = -2 V, which can be directly scaled to local jsc [7], and ohmic 
shunts are corrected with an additional DLIT image recorded at the same Vrev. Emissivity correction is performed 
according to Ref. [25]. To generate the DLIT-based jsc image, a j01 image has been derived following the procedure 
described in Ref. [16], with an input of three DLIT images recorded at V = 0.55 V, V = 0.6 V and V = -1 V (for 
ohmic shunt correction), and the assumption of a homogeneous series resistance of Rs = 0.6 :cm2. The empirical fit 
parameters are determined by adjusting them to an optimum fit of the resulting DLIT-based jsc image to the blurred 
LBIC image. During j01 imaging, mean values of the surrounding areas are assigned to the busbars and, therefore, 
local jsc is overestimated in these regions due to the assumption of a laterally constant photogeneration. Since this 
procedure impacts the implied global jsc, the local jsc values in the non-busbar regions would be derived as too low 
when using the same global jsc value as for the other methods. Hence, its value is increased by a factor of § 1.04 in 
order to be comparable with the other methods [8]. Fig. 2 shows good qualitative agreement between LBIC, ILIT- 
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and DLIT-based jsc images. Regions of decreased local jsc due to defects and dislocations agree well. As discussed, 
the busbars exhibit artificially increased values in the DLIT-based image. Fig. 2 (bottom) shows normalised 
histograms of the discussed images. The unblurred LBIC image shows the most narrow distribution with its peak 
occurring at higher jsc values than for the LIT-based methods. When emulating the thermal diffusion occurring 
during LIT (blurring), this peak shifts closely to the ones originating from the ILIT- and DLIT-based methods. 
Furthermore, the distribution of the values is similar which confirms the good correspondence concerning contrast 
as visible in the images. In the histogram of the DLIT-based jsc image, four pronounced peaks can be seen that stick 
out from the course of the curve. The two peaks occurring for jsc < 35mA/cm2 are due the described busbar effect 
and the first peak for jsc > 35mA/cm2 describes the area beyond the cell area, which has been set to a finite value. 
Hence, by optimizing the method and evaluation routine, it should be possible to eliminate these artefacts easily. 
The peak occurring at the highest jsc value, however, represents actual artefacts of the method where the assumed 
empirical correlation between j01 and jDL fails. 
 
 
Fig. 2. Resulting jsc images and according histograms of cell 1 (mc-Si Al-BSF) for LBIC and the ILIT- and DLIT-based methods. 
Circle = extended dislocation cluster. 
Fig. 3 shows the result of the PL-based method for cell 1, along with an LBIC image recorded at O = 780 nm 
which is the closest wavelength available to O = 790 nm of the PL laser. The images are scaled more narrowly to be 
comparable in appearance to the images recorded at O = 940 nm, see Fig. 2. Also for PL, the resulting jsc image 
qualitatively agrees with the LBIC map while the contrast appears smaller in the PL image. This is confirmed by the 
more narrow distribution of the histogram displayed in Fig. 3. As pointed out in Ref. [13], this lower contrast is due 
to the balancing currents across the emitter and metallisation grid, which equalize voltage difference in-between 
different areas of the cell [26,27] and contradict the underlying assumption of each pixel representing a de-coupled 
terminal-connected diode. This effect has been addressed recently by detailed simulations [28], revealing that the 
accuracy of PL-based j01 imaging in local low-lifetime regions, on which the PL-based jsc imaging method is based 
on, is insufficient. Hence, the overall visual appearance of all jsc images is comparable while the jsc image resulting 
from the PL-based method exhibits a smaller contrast. Four PL images have been recorded as input [13] and the 
resulting image is scaled to the same Isc as for the other images. Tab. 2 summarizes the required input parameters for 
each method to generate a calibrated jsc image. It can be seen that only the ILIT-based method can be calibrated self-
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consistently without the need of further information. However, the required additional information for the other 
methods can be gathered rather easily or needs to be determined only once for a specific cell architecture and 
substrate material. 
 
Fig. 3. Resulting jsc images and according histograms of cell 1 (mc-Si Al-BSF) for LBIC and the PL-based method. Series resistance image has 
been derived from C-DCR [11]. Boxes ԑ areas of increased Rs. Circle = extended dislocation cluster. Grey ԑ divergent algorithm. 
3.2. Robustness concerning locally increased series resistance and algorithm artefacts 
Fig. 3 shows an image of local series resistance Rs for cell 1 determined by C-DCR [11]. Multiple regions with 
significantly increased values of local Rs can be seen. As indicated by the boxes, some of these regions lead to 
artefacts in the PL-based jsc image, either by a virtual decrease in local jsc or divergence of the entire iterative fitting 
algorithm, highlighted in grey. The LBIC maps and the LIT-based methods displayed in Fig. 2 show robust towards 
locally increased values of Rs. For LBIC, the cell is kept under SC and the resulting jsc map should therefore be free 
from Rs artefacts. The measurement system applied during this work does not feature a bias light and, therefore, 
local illumination yields only comparably small currents. That is, even if local Rs is that high that it actually 
influences local jsc under 1 sun illumination, this effect may remain undetected during LBIC without bias light [29]. 
For ILIT, the result is robust against locally increased Rs as long as the local illuminated current density under SC 
and Vrev does not differ significantly [15]. For the DLIT-based method, the j01 image determined by a series of DLIT 
images needs to be free of Rs artefacts. This can be achieved by recording all DLIT images at moderate currents or 
using a separate Rs image to correct for inhomogeneous voltage gradients across the cell [5]. In Figs. 2 and 3, an 
extended dislocation cluster with severely impacted local jsc is marked by a circle. As can be seen in the PL-based jsc 
image in Fig. 3, the iterative fitting algorithm also diverges in this region. Divergence issues of the PL-based method 
have been reported already in the original manuscripts [6,13]. In conclusion, the PL-based image appears to be most 
prone to artefacts due to the application of an iterative fitting algorithm. As discussed in section 3.1, the DLIT-based 
method suffers from minor artefacts as seen by the discussed highest pronounced peak in the histogram shown in 
Fig. 2. 
Table 2. Required input parameters for discussed jsc imaging methods. f,met ԑ metallisation fraction 
Input LBIC ILIT DLIT PL 
Number of required images 
(optional addition) 
1 map per O 1 
(+ 1 for ohmic shunt correction) 
(+  2 for emissivity correction) 
2 to 3 
(+ 1 for ohmic shunt correction) 
(+ 2 for emissivity correction) 
(+ 1 Rs image ї e.g. +2 EL images for RESI 
[30] or +4 lum. images for C-DCR [11]) 
4 
Further parameters jsc,tot or 
EQE and jgen 
none jsc,tot or jgen 
fit parameters A, B (and C) 
(lumped Rs) 
f,met 
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3.3. Spatial resolution 
Fig. 4 shows a zoom into the area of cell 1 containing the extended dislocation cluster marked with a circle in 
Figs. 2 and 3. The histogram within this dislocation cluster, see Fig. 4 (bottom), shows a close correlation between 
LBIC and the ILIT-based method with a similar contrast and distribution of significantly impacted regions. The 
according histogram of the DLIT-based method shows a pronounced peak with values of jsc < 25 mA/cm2 that does 
not show within the other two methods. Since the DLIT-based jsc image can be considered a re-scaled j01 image, see 
section 2.3, this peak represents areas within the dislocation cluster where the local j01 is impacted more by a 
decrease in charge carrier lifetime than the local jsc according to the derived empirical correlation. This effect is 
discussed in more detail in Ref. [8]. Fig. 4 shows the same zoomed area for the PL-based image and the correlating 
LBIC image at O = 780 nm, again scaled to the same appearance as the images for O = 940 nm. In accordance with 
the behaviour for the entire cell, the decrease in local jsc is significantly less pronounced in the PL-based jsc image as 
can be seen in other dislocated areas beneath the extended dislocation cluster discussed before. 
 
Fig. 4. Zoom into the area containing the extended dislocation cluster marked in Figs. 2 and 3.  
The LBIC maps displayed in Figs. 2 to 4 show a significantly higher resolution than the LIT-based and PL-based 
images. As mentioned before, the spatial resolution of LIT imaging is limited by the thermal diffusion length, which 
is proportional to 1/¥flock-in [14], with flock-in being the applied lock-in frequency. Fig. 5 shows ILIT-based jsc images 
of the zoomed area recorded at different flock-in. In this case, one image only has been recorded and no shunt 
correction has been applied, which leads to the point source artefact in the top left part of the ILIT images due to 
local shunting. Due to the 1/¥flock-in dependency, coming from low flock-in the spatial resolution first improves 
significantly while its improvement slows for higher flock-in. However, when comparing the image recorded at  
flock-in = 190 Hz, which is close to the currently technically feasible limit, with the unblurred LBIC image, a close 
correlation can be seen. This is further illustrated by the two height profiles of the dislocation cluster depicted in 
Fig. 5, showing local peaks within the dislocation cluster and local minima at the location of the contact fingers. 
When considering the 0° image of the same measurement, see Fig. 5 below the 190 Hz image, a sharp image of the 
local jsc can be seen. Deconvolution of thermally blurred LIT images [14] has the potential to improve the spatial 
resolution of these images even more. Due to the same balancing currents discussed in section 3.1, the PL-based jsc 
image does not show a significantly higher resolution than the ILIT-based method. All considerations concerning 
spatial resolution of ILIT also hold for DLIT. 
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Fig. 5. Zoom into the area containing the extended dislocation cluster marked in Fig. 2. For the ILIT-based method, the lock-in frequency flock-in 
has been varied. For flock-in = 190 Hz, besides the jsc image (top), also the 0° image of the differential ILIT image is depicted (bottom). 
3.4. Experimental freedom in spectral excitation and robustness concerning spatially varying photogeneration 
As discussed in the previous sections, different scaling has been necessary to visually compare LBIC maps 
recorded at O = 940 nm (ԑ ILIT) and O = 780 nm (ԑ PL). The reason for this is differences in spectral response. 
This and the next section shall emphasize the importance of optical excitation conditions to the resulting jsc images 
and discuss the experimental freedom of the four compared methods to choose them. 
Fig. 6 shows LBIC maps for four different wavelengths of cell 2 – cast-mono, PERC SiO2 – and a jsc image for 
AM1.5G spectrum which has been derived from spectral integration of these four and another two LBIC maps at 
O = 405 nm and O = 1060 nm, compare section 2.4. The higher the excitation wavelength the higher is the 
penetration depth of the illuminated photons and, therefore, the impact of the recombination in the bulk and at the 
rear surface on spectral response. This can be seen in the increasing relative importance of dislocations on the 
displayed jsc images with increasing excitation wavelength. The boxed area marks one area with differing grain 
orientation on the surface of the cast-mono substrate. Due to the applied alkaline texture, the reflectance in this 
region significantly differs from most of the other areas of the cell, which is most pronounced in the blue and red 
regime as illustrated by the LBIC maps. This difference in reflectance leads to a lateral variation in generated 
current density jgen. Since the DLIT- and the PL-based methods assume jgen to be constant across the entire cell, 
these regions are not adequately accounted for as illustrated in Fig. 6. The ILIT-based method does not assume this 
prerequisite and, therefore, correctly considers the impact of spatially varying jgen on local jsc. 
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Fig. 6. Resulting jsc images of cell 2 (cast-mono, PERC SiO2) for the different methods with varying spectral excitation conditions. Box = Area 
with different crystal orientation and, therefore, varying reflectance and photogeneration. 
In contrast to cell 1, cell 2 does not show artefacts in the PL-based jsc image since it does not contain areas of 
significantly increased Rs or dislocation clusters with very low charge carrier lifetimes. However, the lower contrast 
compared with the other methods remains. Since the contrast in jsc increases with increasing wavelength, the 
difference in excitation wavelengths (LBIC: O = 780 nm, PL: O = 790 nm) is not the root cause for this behaviour, 
but balancing currents and the assumption of a terminal-connected diode model as discussed in section 3.1. For PL, 
in principle any irradiation spectrum could be applied, except irradiation close to the luminescence radiation when 
applying a Si-CCD detector, or - technically more relevant – beyond the attenuation band of the filter, which is 
placed in front of the camera. Since the cameras applied during LIT are sensible in the mid-IR range and the 
illumination can be kept constant during application of the ILIT-based method, any practically relevant illumination 
source with arbitrary spectrum such as a sun simulator for AM1.5G can be used. As discussed in section 2.2, ILIT 
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system 2 features LED arrays at three different wavelengths. Fig. 6 shows jsc images for illumination with these 
wavelengths, which correlate closely to the corresponding LBIC images. Due to the higher shading induced by the 
optical system applied in system 2 compared with the other measurement setups and the same applied scaling 
procedure (Isc measured with system 1 as reference), the resulting jsc images appear slightly brighter. For the DLIT-
based method, the argument of experimental freedom in spectral excitation does not apply. The difference in optical 
excitation is considered by the empirical fit parameters A and B [8]. Fig. 6 shows results applying the same fit 
parameters extracted for the mc-Si Al-BSF cell 1 and the same scaling correction due to busbar contributions. It can 
be seen that the contrast is slightly lower compared with LBIC, which is most likely caused by the different cell 
structure and base material compared with cell 1. The significantly increased LBIC signal at the edges for the 
O = 780 nm and O = 940 nm maps that also shows in the derived AM1.5G map will be discussed in more detail in 
the next section. 
3.5. Robustness concerning injection-dependent recombination 
As shown in Fig. 6, the areas close to the edges of cell 2 – PERC, SiO2 – show a significantly increased LBIC 
signal for increasing wavelengths, which has not been observed on cell 1 with an Al-BSF. In order to investigate a 
potential impact of the dielectric rear-side passivation in more detail, cells 3 and 4 with thermal-oxide and 
aluminium-oxide passivated rear sides, respectively, are investigated, which have been processed on neighbouring 
mc-Si substrates. Fig. 7 shows resulting jsc images for the two cells (PL is again scaled in a way that LBIC images at 
O = 940 nm and O = 780 nm appear similarly). The identical grain and dislocation structures leading to a variation in 
local jsc in both cells can be clearly seen. The pronounced increase around the edges that has also been observed for 
cell 2 only shows in the LBIC maps of the thermal-oxide passivated cell. It neither shows in any of the images of the 
aluminium-oxide passivated cell nor in the images of the thermal-oxide passivated cell determined with the other 
methods. 
 
Fig. 7. Resulting jsc images of cells 3 (mc-Si, PERC SiO2) and 4 (mc-Si, PERC Al2O3) for the different methods. 
To investigate this effect in more detail, bias-light-dependent spectral response measurements have been 
performed in a position at the edge and a position in the middle of the cell as indicated in Fig. 8. The resulting 
values of external quantum efficiency EQE for no bias light and an equivalent of 0.3 suns are displayed in Fig. 8. 
For bias light with intensities larger than 0.3 suns, EQE has not changed significantly anymore. It can be seen that 
both cells show a bias-dependence in EQE for wavelengths of O > 700 nm, with the impact for cell 3 (SiO2) being 
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significantly more pronounced. For cell 4 (Al2O3), the bias-dependence is very similar in the edge and the middle 
position, see ratios between 0.3 suns and no bias light in Fig. 8. If this holds for the entire cell, the scaling simply 
needs to be adjusted accordingly with a constant calibration factor. For cell 3 on the contrary, the bias-dependence is 
significantly different between the edge and the middle position, see Fig. 8. While for no bias light, the edge 
position exhibits a higher EQE than the middle position, the opposite holds for a bias light of 0.3 suns. Since the 
applied LBIC setup does not feature a bias light, the intensities are so low that the edge regions appear to exhibit a 
higher EQE than the middle regions. Since the same scaling factor is assumed for the entire cell, the edge regions 
therefore appear to exhibit a higher EQE and, therefore, jsc although the opposite is the case for illumination 
intensities of 0.3 suns and higher. Fig. 8 shows the ratios between 0.3 suns and no bias light for cell 3. At 
O = 940 nm, the difference is about 10 %, which needed to be considered in different calibration factors for the edge 
and middle regions of cell 3. 
Beyond the varying carrier injection level and therefore recombination properties for very low illumination 
intensities as during LBIC without bias light, the injection level within the base of a solar cell varies up to two or 
three orders of magnitude between SC and open-circuit (OC) conditions for 1 sun illumination. When recombination 
properties change injection-dependently, the operating points considered for extraction of jsc need to be carefully 
considered. As discussed in section 2.3, the DLIT-based method assumes a fixed correlation between j01 (§ OC 
conditions) and jDL (SC conditions) to extract values of local jsc. If the injection-dependencies of the recombination 
properties vary laterally across the cell, quantitative differences will be the consequence in analogy to the case 
discussed for LBIC above: Different calibration factors needed to be applied to overcome this restraint. Problems 
related to injection-dependent recombination become even more pronounced for the PL-based method since it 
assumes low-level injection to hold in all recorded images, including one close to OC at 1 sun [13]. If a bias light 
can be applied during LBIC, it should map jsc under realistic conditions. The ILIT-based method is not affected by 
injection-dependent recombination since it measures the investigated cell under global SC conditions of the entire 
cell. 
 
Fig. 8. LBIC maps of cells 3 (SiO2) and 4 (Al2O3) at O = 940 nm and results of bias-dependent external quantum efficiency measurements at two 
positions at the edge and in the middle of the cells, respectively, indicated by boxes in the LBIC maps. 
3.6. Measurement time and direct applicability to methods imaging other diode model parameters 
As mentioned in section 2, LBIC is a mapping technique while the LIT- and PL-based methods are imaging 
techniques applying cameras. Hence, the measurement time of LBIC highly depends on the sample size and the 
LBIC 
(O = 940nm)
20 40jsc (mA/cm2)
Edge/Middle
/  0 suns
/  0.3 suns
0.0
0.2
0.4
0.6
0.8
1.0
 
 
E
xt
er
na
l q
ua
nt
um
 e
ffi
ci
en
cy
 E
Q
E
O = 940 nm
SiO2
700 800 900 1000
0.6
0.7
0.8
0.9
1.0
 
 
E
Q
E
Wavelength O (nm)
O = 940 nmSiO2
300 600 900 1200
0.0
0.2
0.4
0.6
0.8
Al2O3
 
Wavelength O (nm)
O = 940 nm
700 800 900 1000
0.6
0.7
0.8
0.9
1.0
Al2O3
 E
Q
E
Wavelength O (nm)
O = 940 nm
300 600 900 1200
1.0
1.2
1.4
1.6
1.8
 
 
Wavelength O (nm)
O = 940 nmAl2O3
Ratio R = EQE(0.3 suns) / EQE(0.0 suns)
 Edge
 Middle
1.0
1.2
1.4
1.6
1.8
 
 
R
at
io
 R
O = 940 nm
SiO2
700 800 900 1000
1.0
1.1
1.2
 
 
R
at
io
 R
Wavelength O (nm)
O = 940 nmSiO2
700 800 900 1000
1.0
1.1
1.2
 
 
R
at
io
 R
Wavelength O (nm)
O = 940 nm
Al2O3
ce
ll
4:
 A
l 2O
3
ce
ll
3:
 S
iO
2
edge middle
54   Fabian Fertig et al. /  Energy Procedia  77 ( 2015 )  43 – 56 
 
chosen step width (ԑ resolution) during mapping. Typically, the measurement time for a highly resolved large-area 
measurement as discussed in this work is in the order of hours. However, if light sources such as laser diodes with 
differing emission wavelengths can be modulated at different frequencies, spectrally-resolved (SR-) LBIC maps can 
be generated without significantly increasing measurement time [1,20]. For lock-in thermography as for any lock-in 
based measurement technique, the signal-to-noise ratio gets the higher, the longer the measurement is integrated. 
During ILIT, comparably small signals need to be detected within a high background signal due to the applied 
illumination, while DLIT detects comparably large changes within a low background signal. Hence, DLIT generally 
requires shorter integration times than ILIT which, however, depends on the operating points in detail. On the other 
hand, one image may be sufficient for the ILIT-based approach while the DLIT-based approach requires at least 
two. Since every LIT system exhibits its inherent noise level (mainly determined by the camera), it is difficult to 
state general required measurement times for the discussed methods. The measurement times for the LIT images 
discussed within this work have been in the order of minutes to a maximum of about half an hour. Despite the 
comparably high number of required images for the PL-based method, compare Tab. 2, PL is by far the fastest of the 
considered methods with measurement times in the order of seconds for each image. 
In principle, all jsc images could be combined with any reported local solar cell parameter imaging method by, 
e.g., adequate blurring of the LBIC map or deconvolution of LIT- and PL-based images of the other parameters. The 
most self-suggesting application to use the ILIT- or DLIT-based methods would be in conjunction with DLIT-based 
local efficiency imaging [5,16]. The implied voltage based PL evaluation [6] already includes the assumption of a 
non-uniform short-circuit current density. 
3.7. Summary 
Table 3 shows a summary of the addressed points with a subjective rating of the strengths and weaknesses of 
each method. As can be seen, each method has its advantages and disadvantages and the suitability depends on the 
requirements of the user. The authors draw the arguable conclusion that LBIC and the ILIT-based method exhibit 
the highest accuracy of the investigated methods. When well-calibrated, the DLIT-based method has also shown 
very accurate in most of the cell area while the PL-based method has persistently resulted in decreased contrast in 
quantitative local jsc. 
It needs to be stated that this work only considers “classical” Al-BSF and dielectrically passivated solar cells with 
a full-area front-side emitter on p-type silicon. The rating may differ for other cell concepts such as interdigitated 
back-contact (IBC), heterojunction cells, emitter-wrap-though (EWT [31]) or both sides collecting and contacted 
(BOSCO [32]) or solar cells manufactured on other materials than silicon. Especially, two-dimensional cell concepts 
that are not well described with a one-diode model and that exhibit significantly deviating current paths in the dark 
and under illumination would be interesting to include into future work on this matter. 
Table 3. Strengths and weaknesses (++ / + / 0 / - / - -) of the discussed jsc imaging methods. 
Category LBIC ILIT DLIT PL 
Accuracy + + 0 - 
Measurement time - - 0 0 / - ++ 
Spatial resolution ++ - - 0 / - 
Experimental freedom in spectral excitation ++ + n.a. 0 
Self-consistent calibration 0 + 0 + / 0 
Robustness concerning locally increased Rs + + + / 0 - 
Robustness concerning injection-dependent recombination 0 / - + 0 / - - 
Robustness concerning spatially varying photogeneration ++ + - - 
Robustness concerning algorithm artefacts + ++ + - 
Direct applicability to methods imaging other diode model parameters - + ++ ++ 
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4. Conclusion 
Within this work, three recently proposed short-circuit current density imaging methods based on illuminated 
lock-in thermography (ILIT), dark lock-in thermography (DLIT) and photoluminescence (PL) imaging have been 
compared in theory and by experiment. As a reference, the established method of spectrally-resolved light-beam 
induced current (SR-LBIC) mapping has been considered. The methods have been applied to silicon solar cells with 
different substrate materials and rear-side passivation schemes. The results are compared in terms of measurement 
time, spatial resolution, experimental freedom in spectral excitation, self-consistent calibration, direct applicability 
to techniques imaging other solar cell parameters and robustness concerning locally increased series resistance, 
injection-dependent recombination, spatially varying photogeneration and algorithm artefacts. While each method 
has its strengths and weaknesses and the suitability depends on the requirements of the user, the subjective result of 
the authors is that LBIC and ILIT result in the most accurate result, closely followed by well-calibrated DLIT. PL 
has shown to result in lower contrast in quantitative local jsc values due to the general invalidity of the underlying 
terminal-connected diode model. However, the PL-based method is still valuable to increase the accuracy of local 
efficiency imaging via luminescence imaging, especially due to its outstandingly short measurement times compared 
with the other methods. 
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